Abstract. Low-dose radiation has a variety of effects on cellular activities, including the cell division cycle, apoptosis, proliferation and senescence. However, the effects of low doses of radiation remain controversial. In this study, we examined the effects of low-dose radiation on cellular senescence. We treated MCF7 cells with 0.01 μg/ml doxorubicin to induce replicative senescence, 2 h after exposure to low doses of ionizing radiation of 0.05, 0.1, or 0.2 Gy. The status of p53, senescence-associated ß-galactosidase activity, p38 kinase levels, H2AX levels and ERK/MAPK levels were examined. Low doses of ionizing radiation inhibit doxorubicininduced senescence in human breast cancer MCF7 cells. The phosphorylations of both p38 MAP kinase and p53 induced by doxorubicin were suppressed by low doses of ionizing radiation. The senescence was inhibited without genomic damage, because the level of Á-H2AX protein was not changed. Moreover, low doses of ionizing radiation inhibited senescence through the activation of ERK1/2. The results thus suggest that low doses of radiation suppress doxorubicin-induced replicative senescence through the inhibition of p38-dependent phosphorylation of p53 and by activation of ERK1/2, without genomic damage. Overall, our results suggest that low doses of ionizing radiation may have a protective role against replicative senescence induced by doxorubicin.
Introduction
In the last 10 years, many methods for inducing rapid onset of senescence have been developed. For example, human tumor cells may enter senescence by expressing tumor suppressor genes such as p53 (1), p21 (2), p16 (3) , and Rb (4, 5) . In normal fibroblasts, the expression of ras can induce rapid onset of senescence (6) . Recently, our group found that Bcl-x L and family proteins inhibited replicative senescence induced by expression of the tumor suppressor gene, p53, a relevant gene in senescence studies (1) .
Recent work has shown that exposure of various cancer cells to low doses of anti-cancer drugs such as doxorubicin, cisplatin, taxol, or etoposide, leads to replicative senescence (7) (8) (9) ; high drug doses do not have this effect. Doxorubicin, an anthracycline antibiotic, is one of the most important anticancer agents for solid tumors (10) . The tumor suppressor gene product p53 accumulates in response to genotoxic damage that occurs after exposure to doxorubicin (11) . Accumulated p53 can trigger replicative senescence in tumor cells. Thus, doxorubicin can induce not only apoptosis via the activation of caspases and disruption of mitochondrial membrane potential (12, 13) , but also senescence.
Recently, there has been increasing interest in the biological effects of low doses of ionizing radiation arising from natural and environmental exposure. Low-dose irradiation has diverse effects on genomic DNA, such as protection from mutation (14) or induction of mutation (15) , and also causes changes in the cell division cycle (16) . These events result from alterations in differential signal transduction pathways. Recently, one research group reported that low doses of ionizing radiation enhanced longevity in mice and pigs (17) , whereas another group reported that replicative senescence was induced by X-ray irradiation of normal human dermal fibroblasts (18) and human lung carcinoma cells of the H1299 line (19) , implying a relationship between low-dose irradiation, aging and cellular senescence. More work in this area is needed.
A recent study showed that extracellular-signal-regulated kinase (ERK) activity in photo-aged skin was reduced compared with the activities of other kinases such as JNK/SAPK and p38 MAPK (20) . It has also been reported that ERK enhanced the proliferation of normal human diploid cells (21) . Thus, there is a relationship between ERK activity on the one hand, and aging and proliferation on the other. The detailed mechanisms of ERK involvement in these cellular events are not clear. Here we demonstrate that low doses of ionizing radiation inhibit replicative senescence induced by doxorubicin in tumor cells. The inhibitory effect was due to the ERK activation, which inhibited doxorubicin-induced p53-p38 pathway. Our results will be helpful to understand the biological effects of low-dose ionizing radiation.
Materials and methods
Cell culture. MCF7 human breast cancer cells were cultured under 5% (v/v) CO 2 at 37˚C in RPMI medium (Gibco BRL; Grand Island, NY) with glucose and 10% (v/v) fetal bovine serum (hyclone), penicillin (100 U/ml) and streptomycin (100 μg/ml). Radiation source was 137Cs Á-ray (KIRAMS, Korea) at a dose rate of 0.3 Gy/min.
Senescence-associated ß-galactosidase (SA-ß-Gal) analysis.
Cells were washed in PBS and fixed in a solution of 0.25% (w/v) glutaraldehyde in PBS with 2 mM MgCl 2 , for 20 min at room temperature. SA-ß-Gal activity at pH 6.0 was assayed as previously described (8, 22) .
Cell cytotoxicity. Cell viability was determined by trypan blue exclusion, counting at least 300 cells of each culture. We used 0.05, 0.1, or 0.2 Gy of ionizing radiation before treatment with doxorubicin at 0.01 μg/ml. After 4, 5, or 6 days of further incubation, the numbers of trypan blue-stained cells were counted.
Western blots. Cells lysates were prepared in RIPA buffer [50 mM Tris-HCl, 50 mM NaCl, 1 μM EGTA, 1% (v/v) Triton X-100, 50 mM NaF, 5 mM Na 3 VO 4 , 10 mM Na 4 P 2 O 7 , 0.1 mM phenylmethylsulfonyl fluoride, 1 μg/ml aprotinin, 1 μg/ml pepstatin A, 1 μg/ml leupeptin, and 1 mM DTT; pH 7.5]. Extracts were normalized for protein concentration using the Bradford assay, and 20 μg of total cell protein per sample was subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to a PolyScreen membrane (NEN; Boston, MA). Membranes were incubated in a solution of 5% (w/v) non-fat dry milk in TBST buffer [20 mM Tris-HCl, 150 mM NaCl, 0.1% (v/v) Tween-20; pH 7.4] and probed with one of the following antibodies: anti-fibronectin (Transduction Technology, San Jose, CA), anti-p-p38, anti-p38 (both from Cell Signaling Technology, Beverly, MA), anti-Á-H2AX (Upstate Biotechnology, Lake Placid, NY), anti-p-p53 (Ser-15), anti-p53, anti-CDK4, or anti-Á-tubulin (the last four from Santa Cruz Biotechnology, Santa Cruz, CA). The primary antibodies were reacted with goat anti-mouse, goat anti-rabbit, or donkey anti-goat horseradish peroxidase-conjugated secondary antibodies, followed by ECL detection.
Results

Low doses of ionizing radiation suppress doxorubicininduced replicative senescence.
To study the effect of low doses of ionizing radiation on replicative senescence, we employed a senescence system involving the anticancer drug, doxorubicin and tumor cells. Low doses of doxorubicin, such as 0.01 or 0.02 μg/ml, can induce replicative senescence in such cells by causing phosphorylation of p53 and induction of p130, a member of the Rb family (23) , without the induction of cell death (8) . However, high doses of doxorubicin induce apoptosis via the activation of caspases and mitochondrial dysfunction (12, 13) .
We treated MCF7 cells with 0.01 μg/ml doxorubicin to induce replicative senescence, 2 h after exposure to low doses of ionizing radiation of 0.05, 0.1, or 0.2 Gy. Because low doses of ionizing radiation have been suggested to affect cell growth (20) , we first examined the effects of radiation on cell proliferation (Fig. 1A) and cell death. Low doses (0.05, 0.1, or 0.2 Gy) of ionizing radiation slightly increased the total numbers of normally proliferating cells or doxorubicintreated cells (Fig. 1) . Consistently, dead cells were absent among control and doxorubicin-treated MCF7 cells exposed to low doses of radiation (data not shown).
Recent studies showed that p53 activation is necessary for doxorubicin-induced senescence in MCF7 cells (7, 8) . To evaluate the effects of low-radiation doses on doxorubicininduced replicative senescence in MCF7 cells, we first examined the status of p53. Low doses of radiation suppressed the phosphorylation of p53 by doxorubicin ( Fig. 2A) . In addition, CDK4 expression that was suppressed by doxorubicin recovered after low-dose ionizing radiation ( Fig. 2A) . We next examined senescence-associated ß-galactosidase (SA-ß-Gal) activity, a specific cytoplasmic marker for senescent cells (8, 22) , and also cell morphological characteristics. Cells were exposed to 0.05, 0.1, or 0.2 Gy for 2 h followed by doxorubicin (0.01 μg/ml) treatment and then assayed for SA-ß-Gal activity at 6 days (Fig. 2B) . In comparison to cells treated with doxorubicin only, SA-ß-Gal-positive cells decreased when cells were treated with both ionizing radiation and doxorubicin (Fig.  2B) . Consistent with the appearance of SA-ß-Gal activity, the morphological characteristics of senescent cells (such cells are typically large and flattened) decreased in cells treated with doxorubicin after low-dose ionizing radiation (Fig. 2C) . In addition, fibronectin levels, which increase in senescent cells (24) , were lower in cells treated with doxorubicin after ionizing radiation than in cells treated with doxorubicin only (Fig. 2D) . These results suggest that low doses of ionizing radiation suppress replicative senescence induced by doxorubicin in MCF7 cells.
Low doses of ionizing radiation suppress activation of p38 kinase by doxorubicin.
Recent studies have shown that p38 kinase expression accelerates senescence after DNA damage (28) and that the kinase is activated during senescence of human diploid fibroblasts (29) . We have also found that the activity of p38 kinase is induced during p53-induced senescence in the human bladder cancer cell line EJ (1). This report showed that the phosphorylation of p38 kinase is insignificantly increased at 2 days and maximum at 4 days, indicating that p38 kinase is an important factor for senescence induction (1) . In this study, senescence phenotypes were gradually induced at 4, 5 days after doxorubicin treatment (Fig. 2E ) and maximum at 6 days (Fig. 2) . However, senescence phenotypes by doxorubicin were almost induced until 3 days (data not shown), implying that 4 days after treatment with 0.01 μg/ml doxorubicin may be an initiation point of senescence. Based on these studies, we firstly examined the phosphorylation of p38 kinase at 4 days after doxorubicin treatment and the effect of low doses of ionizing radiation on its activity. The phosphorylation of p38 kinase significantly increased at 4 days after doxorubicin treatment was suppressed by low doses of ionizing radiation without changing protein levels of p38 kinase (Fig. 3A) . Consistently, SA-ß-Gal activity was decreased in cells treated with doxorubicin following a chemical inhibitor of p38 kinase, SB203580 (Fig. 3B) . These results suggest that p38 kinase is specifically required for senescence induction by doxorubicin and low doses of ionizing radiation can inhibit doxorubicin-induced senescence through suppression of p38 kinase in MCF7 cells.
Low doses of ionizing radiation thus suppressed the doxorubicin-induced phosphorylation of both p53 and p38
kinase. Two studies have demonstrated that the phosphorylation of p53 is induced by p38 kinase after DNA damage (30, 31) . We next examined whether low-dose ionizing radiation inhibits the phosphorylation of p53 via inactivation of p38 kinase. The phosphorylation of p53 in MCF7 cells treated with a combination of doxorubicin and a chemical inhibitor of p38 kinase, SB203580, was significantly decreased from control levels (Fig. 3C) , implying that p38 kinase-dependent phosphorylation of p53 is essential for doxorubicin-induced senescence. These results suggest that low doses of ionizing radiation inhibit doxorubicin-induced senescence through suppression of p38 kinase-dependent phosphorylation of p53.
Low doses of ionizing radiation do not induce DNA damage in senescence induced by doxorubicin.
Some studies have found that low doses of ionizing radiation induce DNA damage in tumor or normal cells (25) . We next focused on H2AX, which is phosphorylated in DNA-damaged cells (26, 27) . The phosphorylation of H2AX was specifically increased only after doxorubicin treatment, and not in cells treated with ionizing radiation (Fig. 4) , implying that low doses of ionizing radiation did not induce cellular stress such as DNA damage in normally proliferating cells.
The activation of ERK/MAPK by low doses of ionizing radiation is essential for inhibition of doxorubicin-induced senescence.
A recent study showed that low doses of ionizing radiation positively regulated cell proliferation through the activation of ERK/MAPK (20) . To investigate the effects of ERK/MAPK on doxorubicin-induced senescence, we examined ERK/MAPK levels in cells treated with low doses of ionizing radiation. ERK/MAPK was weakly induced by lowdose radiation alone, but was significantly increased in cells treated with a combination of a low dose of radiation and doxorubicin (Fig. 5A) . We thus examined the effects of ERK/MAPK on the p38-p53 pathway induced by doxorubicin. Cells were treated with a chemical inhibitor of ERK/MAPK, PD980590, after exposure to a combination of a low dose of ionizing radiation and doxorubicin. The phosphorylation of both p38 and p53 that was inhibited by low doses of ionizing radiation was restored (Fig. 5B) , implying that ERK/MAPK, which is activated by low doses of ionizing radiation, negatively regulated the p38-p53 pathway induced by doxorubicin. Consistently, SA-ß-Gal activity also significantly increased in cells treated with PD980590 (Fig. 5C) . The SA-ß-Gal activity of cells treated with low doses of ionizing radiation was restored to control levels by treatment with PD98059. Thus, low doses of ionizing radiation inhibited doxorubicin-induced senescence through induction of ERK/MAPK activity.
Discussion
In this study, we first demonstrated the inhibitory effects of low doses of ionizing radiation on senescence. Treatment with low-dose radiation, which did not affect cell growth, inhibited senescence phenotypes in cells treated with doxorubicin. We found that the activation of ERK/MAPK by low-dose radiation is essential for the inhibition of senescence induced by doxorubicin.
Although some research groups have recently reported the effects of low doses of radiation on longevity and senescence (17, 32, 33) , the underlying molecular mechanisms remained unknown. We thus focused on the mechanisms by which low doses of ionizing radiation inhibit cellular senescence. Because treatment with low doses of doxorubicin, which does not affect cell growth, rapidly induces senescence in human tumor cells (23), we used the doxorubicin-induced senescence system to observe the effects of low doses of ionizing radiation on senescence. We report that low doses of radiation that do not affect cell proliferation inhibit senescence phenotypes induced by doxorubicin ( Figs. 1 and 2) .
To elucidate the molecular mechanisms by which lowdose radiation inhibits doxorubicin-induced senescence in MCF7 cells, we focused on the p38 kinase that is constitutively activated during irreversible growth arrest and senescence (31, 34) . The present study shows that the phosphorylation of p38 kinase by doxorubicin is necessary for senescence induction (Fig. 3) . Several lines of evidence indicate that p38 kinase is involved in the cellular commitment to senescence induction. First, the phosphorylation of p38 kinase was induced at 4 days after doxorubicin treatment. Second, senescence phenotypes were observed for 4 days after treatment with doxorubicin, while not observed otherwise until 3 days (data not shown). Thus, since the phosphorylation of p38 kinase required for senescence induction by doxorubicin was inhibited by low doses of ionizing radiation (Fig. 3A) , it is likely that low doses of ionizing radiation inhibits senescence induction by preventing doxorubicin-induced phosphorylation of p38 kinase. This is further supported by the finding that a chemical inhibitor of p38 kinase, SB203580 was found to inhibit doxorubicin-induced senescence (Fig. 3B) . Furthermore, the inhibition of p38 kinase by SB203580 resulted in the suppression of phospho-p53 (Fig. 3C ). This notion is further supported by recent reports that p38 kinase immediately phosphorylates p53 (30, 35, 36) . These findings thus indicate that low doses of ionizing radiation inhibit doxorubicininduced senescence through suppression of the p38-p53 pathway.
Recent studies reported that DNA double-strand break (DSBs) in senescence process was highly observed (37) . Interestingly, we showed that the phosphorylation of H2AX, as a marker of DNA damages, was induced after treatment with doxorubicin, but not by low doses of ionizing radiation (Fig. 4) , implying that low doses of ionizing radiation may inhibit senescence without induction of DNA double-strand break (DSBs) in senescence processing by doxorubicin. However, the relationship between low doses of ionizing radiation and DNA double-strand break (DSBs) in replicative senescence remains to be elucidated.
Recent work has indicated that low-dose ionizing radiation induces the activation of ERK/MAPK and subsequently favors cell growth (20) . Thus, the activation of ERK/MAPK by low doses of radiation affects the cell division cycle in normally proliferating cells (20) . Here, we report that ERK/ MAPK is necessary for inhibition of doxorubicin-induced senescence (Fig. 5) . Furthermore, ERK/MAPK inhibited induction of the p38-p53 pathway. Treatment with PD980590, a chemical inhibitor of ERK/MAPK, resulted in induction of the p38-p53 pathway in cells treated with a combination of a low dose of ionizing radiation and doxorubicin, implying that low doses of radiation inhibit doxorubicin-induced senescence through the activation of ERK/MAPK (Fig. 6) . However, the relationship between the ERK/MAPK and p38-p53 pathways remains unclear. Further research in this area is required.
In summary, we found that low doses of ionizing radiation inhibited doxorubicin-induced senescence. Our data indicate that activation of ERK/MAPK by radiation is essential for the inhibition of senescence phenotypes caused by doxorubicin, which induces the p38-p53 pathway in human breast cancer MCF7 cells. To examine whether low doses of ionizing radiation have an anti-senescence effect in other cellular system may help to understand the characteristics of low doses of ionizing radiation.
